Introduction
Nanoparticles (NPs) are materials with at least two dimensions between 1 and 100 nm. 1 The small size and large surface area provide NPs with different physical strength, chemical reactivity, electrical conductivity, magnetism, and optical effects, compared to bulk materials. 2, 3 These special properties allow NP utilization in electronics, engineering, energy production, catalysis, pharmaceutics, cosmetics, textiles, food industry, and agricultural products, among others.
4-6
Recent statistics indicate that 1317 products containing NPs were on the market in 2010, 7 and it has been estimated that there was a global release of 22 000-80 400, 1100-29 200, and 590-4800 metric tons of engineered nanomaterials into soil, water and atmosphere, respectively. 8 The increase in NP utilization has raised concerns about their release into the environment and possible impacts on living organisms.
9,10
Copper nanoparticles (nCu) and copper oxide nanoparticles (nCuO) are widely used in different elds. [11] [12] [13] [14] Very few studies have reported the effects of these two Cu-based NPs to terrestrial plants. 10, [15] [16] [17] [18] [19] [20] [21] Shah and Belozerova 15 found that the shoot/ root ratio in lettuce plants treated for 15 days with 0.013% (w/w) nCu in soil was 2.7, while in control plants the ratio was 1.4. This suggests nCu affects lettuce growth. Another report indicates that, compared to control, 1000 mg nCu/L reduced by 77% the root length and by 90% the biomass of Zucchini (Cucurbita pepo) grown in hydroponics. 10 Similarly, Musante and White
16
observed that nCu not only affected root length and biomass of zucchini, but also reduced the transpiration volume by 51% in plants exposed to 100 mg nCu/L and 61% in plants treated with 500 mg nCu/L. Lee et al. 17 reported that the seedlings' length of Mung bean (Phaseolus radiatus) and wheat (Triticum aestivum L.) were reduced by 60% and 75%, respectively, when exposed to 1000 mg nCu/L. They also observed less reduction in shoot growth compared to root, which could be associated with low translocation of NPs from roots to shoots.
18 nCuO has also shown to affect plants in different ways. Reports indicate that nCuO did not affect seed germination in zucchini 10 and maize (Zea mays L.); 18 however, other reports mentioned root length reduction in wheat 19 and duckweed (Landoltia punctata), 20 and DNA damage in radish (Raphanus sativus), perennial ryegrass (Lolium perenne), and annual ryegrass (Lolium rigidum).
21
The activity of antioxidant enzymes such as catalase (CAT) and ascorbate peroxidase (APX) can be affected in Cu exposed plants. These enzymes, which are overproduced under abiotic or biotic stress, 22 protect plants from reactive oxygen species (ROS) damage. Excess ROS can damage proteins, lipids, and DNA. 23 Hou et al. 24 reported that Cu 2+ , up to 10 mg L À1 , increased CAT activity in duckweed in a concentration-dependent manner; however, a reduction in CAT activity was observed when Cu 2+ was higher than 10 mg L À1 . A similar trend was observed in APX activity on duckweed treated with copper sulfate. 25 nCuO were also found to increase CAT activity in cucumber (Cucumis sativus) and wheat. 26, 27 Besides the effects of nCuO on seedlings growth and CAT and APX activity, no reports were found about the effects of Cu NPs/compounds on nutrient uptake by crop plants.
Recent literature has shown that nanoparticulate forms of Cu are more effective against pathogenic fungi than the corresponding bulk forms. 28 Thus, very likely, in the near future, there will be an intensive use of nCu and nCuO in agricultural practices. In addition, CuPRO 2005 and kocide 3000 (Cu(OH) 2 -based materials) have been cataloged as nanoparticulate Cu species. These compounds are intensely used in agricultural production due to their fungicidal properties. [29] [30] [31] Thus, the possibility of Cu-based NPs contamination of food supply and entrance into the food chain is increasing. However, it is not well understood yet if their effects are different from those of Cu bulk materials. Thus, three Cu-based NPs and other Cu compounds were evaluated in lettuce (Lactuca sativa) and alfalfa (Medicago sativa). The plants were selected because they are intensely produced and exposed to pesticides. Alfalfa is one of the most important forage crops worldwide 32 and lettuce is cultivated worldwide and eaten in a raw form by many people. In this study, root and shoot elongations were measured with a ruler, macro and micronutrients' uptake by using inductively couple plasma-optical emission spectroscopy (ICP-OES), and enzyme activity with UV-Vis.
Materials and methods

Characterization of Cu NPs/Compounds and preparation of suspensions/solutions
The Cu particles used in this study include nanoparticulate CuO (denoted nCuO), micron-sized Cu and CuO (denoted bulk Cu and CuO respectively; all obtained from Sigma Aldrich), nanoparticulate Cu (US Research Nanomaterials, denoted nCu), Kocide 3000 (Dupont, Wilmington, DE), and CuPRO 2005 (SePRO, Carmel, IN). Reagent grade CuCl 2 salt was obtained from Sigma Aldrich. The size and surface charge of particles at pH 7 (0.5 mM phosphate buffer) were determined by measuring hydrodynamic diameter (HDD) and zeta (z) potential using a Zetasizer Nano-ZS90 (Malvern, UK). A previous study 33 showed that phosphate buffer, at the concentration used, had only minimal effects on zeta potential measurements. Primary particle size and morphology were determined via scanning electron microscopy (FEI XL40 Sirion) equipped with an Oxford INCA energy-dispersive X-ray spectroscopy (EDS) probe. Copper content (wt%) of each particle was determined via ICP-AES (iCAP 6300, Thermo Scientic). 34, 35 The main copper phase and crystal structure of particles were determined via X-ray diffraction (XRD, Bruker D8 Advance).
Cu NPs/compounds' suspensions/solutions were prepared at 0, 5, 10, and 20 mg L À1 in modied Hoagland's nutrient solution 36 and homogenized by sonication in a water bath (Crest Ultrasonics, Trenton, NJ) at 25 C for 30 min. There were four replicates per treatment.
Seed germination and plant growth
Seeds of alfalfa (Medicago sativa L.) Mesa variety and black seeded Simpson lettuce (Lactuca sativa L.) were stirred in 4% ClONa solution for 30 min, rinsed with deionized water (DI) three times and kept in DI for 24 h. Subsequently, seeds were rolled in autoclaved wet germination paper towels, as described by Carrillo-Castañeda et al. 37 Ten drops of antimycotic/antibiotic solution (Sigma 5955) were added to the seeds before the paper was rolled. The rolls were put into Mason jars containing approximately 10 ml of DI, incubated in the dark for four days and exposed to light for one day. Aer that, the young plants were transferred into magenta boxes containing 300 mL of modied Hoagland's nutrient solution. All the boxes and lids were covered with aluminum foil to prevent algae growth. Aquarium pumps were used to aerate boxes, which were put in an Environmental Growth Chamber (TC2 Microcontroller, Chagrin falls, OH) with light intensity of 300 mmol m À2 s À1 , 25/ 20 C day/night temperature, and 65% relative humidity.
Aer 10 days of growth in the nutrient solution, seedlings were transferred to magenta boxes containing the Cu NPs/ compounds suspended in nutrient solution and were cultivated for 15 days. Subsequently, plants were removed from the growth medium, washed with tap water and rinsed with DI. The length of the primary root and shoot for each seedling was measured with a ruler and the samples were saved for further analyses. There were 20 young plants per replicate.
Sample preparation for ICP-OES
At the end of exposure time, plants were removed from the growth medium, washed with tap water and rinsed with DI, as previously described in the literature. 18, 19, 21 Subsequently, the samples were put in paper envelops, oven dried at 70 C for 72 h, 
View Article Online
Cu NPs were processed and read as samples for quality control (QC) and quality assurance (QA). Digestion was performed in a CEM microwave accelerated reaction system (Mars X , Mathews, NC). The digests were adjusted to 15 ml with DI water and analyzed for Cu, micro and macroelement concentrations using inductively coupled plasma-optical emission spectroscopy (ICP-OES, PerkinElmer Optima 4300 DV, Shelton, CT)
Enzyme assays
Determination of catalase specic activity. The CAT (EC 1.11.1.6) enzyme activity was measured according to Gallego et al. 38 Plant samples were grinded in 0.1 M KH 2 PO 4 buffer (pH 7.0) and centrifuged at 4500 rpm for 5 min (Eppendorf AG bench centrifuge 5417 R, Hamburg, Germany). The supernatant was separated, added with 73 mM H 2 O 2 , and measured at 240 nm through UV/Vis (Perkin Elmer Lambda 14 Spectrometer).
Determination of ascorbate peroxidase activity. The APX (EC 1.11.1.11) enzyme activity was determined following the method of Nakano and Asada. 39 Tissue samples were homogenized in phosphate buffer (pH 7.4) with a ratio of 10% w/v. The homogenate was centrifuged at 4 C for 25 min at 14 000 rpm.
Then, 100 mL of the supernatant was added with 886 mL of KH 2 PO 4 buffer (0.1 M, pH 7.4), 4 mL of 25 mM ascorbate, and 10 mL of 17 mM H 2 O 2 . Absorbance was recorded at 290 nm using UV/Vis Spectrometer.
Statistics analysis
The data (means from four replicate/treatments) was analyzed using One-way ANOVA, followed by Tukey-Honestly Signicant Difference multiple comparisons test (SPSS 19.0 package, Chicago, IL).
Results and discussion
Characterization of the Cu NPs/Compounds
Major physicochemical properties of the particles are presented in Table S1 . † nCuO has particles between 10-100 nm, but much larger particles were found in nCu (up to 10 mm; Fig. 1 ). A reasonable fraction of bulk CuO particles were less than 1 mm (as indicated by SEM and dynamic light scattering analyses) but bulk Cu particles were much larger and diverse in morphology. Bulk Cu contains dendritic, plate-like, and irregularly-shaped particles (Fig. 1) . Kocide 3000 and CuPRO 2005 mainly consist of micron-sized spherical particles, and the main copper phase in them are orthorhombic Cu(OH) 2 . While bulk Cu only contained Cu as the main phase, the presence of Cu 2 O was observed in nCu, possibly due to higher reactivity of the nanoparticles which may lead to slight oxidation during synthesis and/or storage. All the particles were negatively charged at pH 7 as conrmed by zeta potential measurement. The presence of a small amount of carbon was observed in the nanoparticles, possibly from a surfactant used by the manufacturer to stabilize the NPs. In addition to carbon, Kocide 3000 and CuPRO 2005 also contain oxygen, sodium, aluminum, and silicon (Fig. 2) .
Effects of Cu NPs/compounds on root/shoot elongation
The size of roots of alfalfa and lettuce plants treated for 15 days with Cu NPs/compounds is shown in Fig. S1 . † Aer 15 days of treatment, the roots of plants treated with Cu NPs/compounds, showed brown color compared to controls. As seen in Fig. S1 reduced wheat shoot length. Another report indicates that 10 mg nCuO/L reduced the length of root and shoot in radish seedlings by 46% and 4%, respectively. 21 Moreover, 1000 mg nCuO/L, decreased the root and shoot length of radish by 97% and 79%, respectively. In our study, although the Cu concentration was high in alfalfa shoots, compared to lettuce, there was no shoot length reduction; however, bulk Cu, CuPRO 2005, Kocide 3000, and CuCl 2 at 20 mg L À1 , signicantly reduced lettuce shoot length (ESI Fig. S2 †) . This suggests a speciesspecic response to Cu toxicity. A previous report indicated that in Vigna unguiculata, Cu caused a reduction in shoot growth because it also caused a reduction in Fe. 40 In our study, almost all the Cu NPs/compounds reduced Fe in tissues of lettuce and alfalfa (iron uptake is shown in Fig. 6 and will be discussed later on). We hypothesize that differences on Cu accumulation (Fig. 3) were responsible for the different effects of Cu NPs/ Uptake of Cu by alfalfa and lettuce (Table S2 †) .
Comparing the Cu uptake in roots of the two species of plants from all Cu forms, except CuCl 2 , it can be seen that there were plant species and treatment concentration effects (Tables S2  and S4 †) . In lettuce root, Cu accumulation from nCu at 5 mg L À1 and 20 mg L À1 was higher, compared to the other compounds (Table S2 , † p # 0.05). However, there was no clear difference in Cu accumulation in alfalfa root, at all treatment concentrations (Table S4 †) . Wang et al. 18 reported 1.8 times more Cu in maize roots treated with nCuO compared to bulk CuO. The accumulation of Cu in alfalfa shoot followed a similar trend than in root (Fig. 3D) . Except for CuPRO 2005 and bulk CuO, all compounds, at all concentrations, signicantly increased Cu accumulation in alfalfa shoots, compared to control. In the case of lettuce shoot, only nCu at 10 and 20 mg L À1 signicantly increased Cu accumulation, respect to control (Fig. 3B) . Differences in Cu translocation from diverse Cu compounds have been previously reported. The shoots of wheat exposed to nCuO accumulated . Also, under all treatments, alfalfa translocated about 3-5% of Cu from root to shoot, while only 0.5-0.6% was translocated in lettuce. This suggests the uptake and translocation of Cu is associated to the copper compound and plant species. In this study, particle size could be a signicant factor inuencing Cu uptake (Table S1 †).
Effects of Cu NPs/compounds on nutrient elements' uptake
Under the conditions of this research, Cu NPs/compounds did not alter the uptake of Ca, Mg, Mo, Mn, Zn, and Na in lettuce and alfalfa exposed for 15 days to the Cu treatments. However, the uptake of P (Fig. 4), S (Fig. 5) , and Fe (Fig. 6 ) was signicantly affected.
Phosphorus uptake. All Cu compounds, at all concentrations, reduced P uptake in roots of both plant species (Fig. 4A and C). Moreover, P was not detected in roots of both plant species at 10 and 20 mg L À1 treatment concentrations. Similar results were reported by Ali et al. 42 who found that P content decreased in root of maize exposed for 15 days to 15.7, 78.5, and 157 mM of Cu. This could be due to the formation of Cu phosphate, which cannot be taken up by plant roots 43 or to damage on root cell plasmalemma, resulting in loss of ions. 42 Phosphorus was also reduced in shoots of Cu treated lettuce plants (Fig. 4B) but it increased in alfalfa shoot (Fig. 4D) . At 5 and 10 mg L À1 treatments, nCu increased P accumulation in alfalfa shoot, compared with bulk Cu (Table S5 , † p # 0.05). At 10 and 20 mg L À1 treatments, CuCl 2 resulted in highest P accumulation in alfalfa shoot but lower P accumulation in lettuce shoot (Table  S3 , † p # 0.05). Copper concentration in alfalfa shoot was much higher than in lettuce shoot (Fig. 3) , which suggests different transport mechanisms. The root uptake of P from solution is controlled by specialized transporters, while the movement within plant tissues is due to other transporters. 44 Pht1 transporters are specic for P acquisition from soil solution; while Pht2 transporters are responsible for P translocation to the aboveground plant parts. 45 In our study, it looks like all Cu NPs/ compounds, at all concentrations down-regulated Pht1 in both plant species, as the P concentration in roots was signicantly lower compared to control (p # 0.05). As per Fig. 4A , bulk CuO exerted lower effects on lettuce, compared to the other treatments; however, in alfalfa, lower effects were found with bulk Cu treatments (Fig. 4C) . Data on Fig. 4B and D suggest that modulation of Pht2 expression was affected by the plant species and the Cu form more than by the concentration used. As seen in these gures, all compounds at all concentrations increased P in alfalfa shoots, suggesting up-regulation of Pht2 (Fig. 4D) . On the other hand, P concentration in shoot of control, nCu, and bulk Cu treated lettuce plants were similar, suggesting no up-regulation of Pht2. This suggests a species specic response to excess Cu.
Sulfur uptake. As shown in Fig. 5 , all Cu treatments increased S concentration in lettuce root (Fig. 5A ), alfalfa root (Fig. 5B) , and alfalfa shoot (5C), but did not affect S accumulation in lettuce shoot (results not shown). There were no obvious differences in S accumulation between NPs and bulk material treatments in lettuce root. However, highest S accumulation was found in alfalfa root treated with the highest concentration of CuCl 2 . In alfalfa shoot, CuPRO 2005 and CuCl 2 at 10 and 20 mg L À1 exhibited the highest S accumulation, except for nCu at 10 mg L À1 . At 5 and 10 mg L À1 treatments, nCu increased S accumulation in alfalfa shoot, compared to the other treatments (Table S5 , † p # 0.05). Exposure of plants to toxic metals may affect the uptake and assimilation of S due to the formation of sulfur-rich phytochelatins and metallothioneins. 46, 47 According to another study, 48 plants increase S uptake to mitigate Cu toxicity; but Cu could also induce over expression of sulfate transporters by affecting the signal transduction pathway, resulting in higher S accumulation. As previously reported, copper activates the biosynthesis of phytochelatins and interferes with S accumulation. 49 In Chinese cabbage, high Cu concentration up-regulated activity of sulphate transporters Sultr1; 2 and Sultr2; 2 in the roots; View Article Online however, only the shoots showed increased in sulfate. 49 Very likely, these and other members of the sulfate transporter family were activated in lettuce and alfalfa. However, the fact that S did not increase in lettuce shoots suggests no up-regulation of Sultr2; 2 in this plant, 45 as this transporter "is localized specically in the phloem of roots and in vascular bundle sheath cells of leaves." 50 Iron uptake. As shown in Fig. 6 53 also reported that the Cu treatment reduced leaf chlorophyll concentration and the thylakoid membrane network in beans. However, the adverse effects were reverted by adding excess Fe. Ouzounidou et al. 54 reported that the increase in Fe concentration in spinach leaves reduced the toxic effects of Cu on photosynthesis. In addition, Schmidt et al. 55 stated that "Cu can displace Fe from chelating molecules in the growth medium, inhibiting the induction of Fe stress response." This suggests that Cu and Fe could share the same uptake pathway. 56 
Enzyme activities
Aer entering root cells, CuNPs/compounds and the released Cu ions may cause the formation of reactive oxygen species (ROS), changing the activity of stress enzymes. Fig. 6 shows the activity of CAT in alfalfa tissues (there was no effect on CAT in lettuce tissues) and APX in lettuce and alfalfa root (there was no effect on shoot APX activity in both plant species). As seen in this gure, all Cu treatments, at all concentrations, signicantly reduced CAT activity in alfalfa shoot, compared to control (Fig. 7A) . The highest reduction was found with nCuO at 10 mg L À1 . A similar trend was observed in alfalfa root where the most striking results were produced by CuPRO 2005 and bulk CuO at 5 mg L À1 (Fig. 7B) . At 10 mg L À1 bulk Cu, nCuO, and Kocide 3000 did not reduce CAT activity in alfalfa root, compared to control; while at 20 mg L À1 , all the treatments, except nCuO, signicantly reduced CAT activity, compared to control. Kim et al. 26 also reported that nCuO at 500 and 1000 mg L À1 increase CAT activity in Cucumis sativus. In our study, CaCl 2 imposed a concentration-dependent reduction on alfalfa root CAT activity, which at 20 mg L À1 reduced it by 87% (Fig. 7B) . Hou et al. 24 reported that Cu 2+ at 5 mg L À1 increased CAT in duckweed, but at 10 mg L À1 inhibited CAT activity. This suggests the effects of Cu on CAT activity are associated to the plant species and the form of Cu. The APX activity in the roots of lettuce (Fig. 7C) and alfalfa (Fig. 7D) showed contrasting results, compared to CAT activity in alfalfa root (Fig. 7B) . At all concentrations, all Cu View Article Online treatments signicantly increased APX activity in lettuce root, compared to control, except for bulk CuO (Fig. 7C) . In lettuce root (Fig. 7C) , CuCl 2 at 20 mg L À1 had lower impact on APX activity, compared to 10 mg L À1 , but still the difference was signicant (p # 0.05), compared to control. In alfalfa root (Fig. 7D) , APX activity signicantly increased at all Cu treatments, except with both Cu(OH) 2 compounds. Notoriously, in alfalfa root, four compounds at 20 mg L À1 presented a decrease in APX activity; however, the activity was still signicantly higher, compared to control. Similar results were reported in Brassica juncea exposed to Cu; 57 but in duckweed, it was found that APX activity was inhibited by Cu at 0.25 mM. 25 These results suggest that, to some extent, in lettuce and alfalfa roots, CAT and APX are down regulated and up regulated, respectively, by the same external stimulus, in this case the Cu treatment. Additionally, in both plants species, the highest APX activity was recorded with Cu NPs, which indicates this form of Cu induces the production of more ROS in lettuce plants.
In summary, this study has shown that all Cu treatments, even at low concentration (5 mg L À1 ), reduced root length in hydroponically grown lettuce and alfalfa. At high concentration (20 mg L À1 ), both plant species absorbed more Cu when they were treated with nCu than bulk Cu. Cu NPs/compounds reduced P and Fe accumulation in plant tissues, while S concentration increased in alfalfa shoot and in the roots of both plant species. The activity of stress enzyme CAT was not affected in lettuce and sharply reduced in alfalfa shoot. The APX activity in lettuce and alfalfa roots increased at all Cu treatments, except for bulk Cu in lettuce and Cu(OH) 2 in alfalfa root.
